Increased oxidative stress and abundance of reactive oxygen species (ROS) are positively correlated with a variety of pathophysiologies, including cardiovascular disease, type 2 diabetes, Alzheimer's disease, and neuroinflammation. In adipose biology, diabetic obesity is correlated with increased ROS in an ageand depot-specific manner and is mechanistically linked to mitochondrial dysfunction, endoplasmic reticulum (ER) stress, potentiated lipolysis, and insulin resistance. The cellular quality control systems that homeostatically regulate oxidative stress in the lean state are down-regulated in obesity as a consequence of inflammatory cytokine pressure leading to the accumulation of oxidized biomolecules. New findings have linked protein, DNA, and lipid oxidation at the biochemical level, and the structures and potential functions of protein adducts such as carbonylation that accumulate in stressed cells have been characterized. The sum total of such regulation and biochemical changes results in alteration of cellular metabolism and function in the obese state relative to the lean state and underlies metabolic disease progression. In this review, we discuss the molecular mechanisms and events underlying these processes and their implications for human health and disease.
Sources of adipose ROS
The origins of adipose ROS are varied and are regulated by a combination of hormonal and metabolic determinants. Indeed, although the mitochondrion is the major source of ROS and clearly represents the major regulatory node for reactive oxygen species synthesis, adipocytes express a variety of enzyme systems that generate ROS (Fig. 1) . As such, a major complexity exists in defining the sources of ROS, either basally or in response to a regulatory event such as inflammation or insulin resistance. Although it is tempting to equate reactive oxygen species with negative metabolic outcomes, ROS species play an important positive regulatory role in adipose biology, for example by inactivating the dual-specificity lipid and protein phosphatase and tensin homolog protein facilitating insulin action (7) or through the oxidation of UCP1 as a component of thermogenesis and the production of beige fat cells (8) .
NADPH oxidase is a major regulatory enzyme in adipose tissue, generating superoxide and/or H 2 O 2 in response to agonist stimulation. The Nox family has seven isoforms: Nox1, Nox2, Nox3, Nox4, Nox5, Duo1, and Duo2 (9) . Nox4 is the major Nox isotype expressed by adipocytes and is activated by high-fat diets. Importantly, Nox4 is unique in that it generates H 2 O 2 as opposed to superoxide anion, which is made by the other NADPH oxidase family members (10) . Indeed, Shimomura and co-workers (11) have shown that the expression of gp91 Phox , the catalytic subunit of the complex, plus p47 Phox , p22 Phox , p67 Phox , and p40 Phox are each up-regulated in murine obesity models such as C57BL/6 and KKAy. In murine cultured adipocytes such as 3T3-L1's, high glucose and/or saturated fatty acids increase Nox4 expression and lead to increased ROS levels. Importantly, Scherer and co-workers (12) demonstrate that maintaining 3T3-L1 cells in a low-glucose environment following differentiation attenuated ROS synthesis and diminished inflammatory cytokine secretion compared with cells maintained in a high-glucose medium, suggesting that cell autonomous factors can have a major regulatory role in defining adipose ROS.
The mitochondrion and mitochondrial sources of reactive oxygen species have long been considered to be major drivers of oxidative stress in adipose tissue. Indeed, complexes I and III of the electron transport chain are classical ROS-generating systems that produce the unstable superoxide anion that, when coupled with superoxide dismutase, generate the much more stable ROS hydrogen peroxide (13) . Complex I receives electrons from NADH or the reverse reaction of complex II resulting in ROS production in the mitochondrial matrix, whereas complex III produces superoxide through the Q cycle and can release superoxide to both sides of the inner mitochondrial membrane (13) . Excess mitochondrial ROS has been argued to be causative to mitochondrial dysfunction, leading to type 2 diabetes, nonalcoholic fatty liver disease, and heart failure. Other studies have suggested that mitochondrial ROS plays an immunomodulatory role inducing cardiac inflammation via the mtDNA damage pathway (14) .
Fisher-Wellman and Neufer (15) have posited a novel hypothesis that under conditions of low reduced GSH, common to fat cells from insulin-resistant states, pyruvate dehydrogenase and nicotinamide nucleotide transhydrogenase form a redox circuit with the potential to be a robust generator of H 2 O 2 . Because white adipocytes require pyruvate oxidation via the dehydrogenase system to generate acetyl-CoA for citrate synthesis, pyruvate dehydrogenase-dependent production of ROS would be directly tied to de novo lipogenesis and triglyceride deposition. This consideration is consistent with experiments maintaining 3T3-L1 cells on either low or high glucose leading to either low or high levels of ROS, respectively (12) . This intriguing possibility introduces the idea that whereas the mitochondrion may be a major source for ROS, pyruvate dehydrogenase, in addition to the electron transport chain, may be a critical regulator affecting reactive oxygen species flux. An additional enzyme system often linked to adipose ROS is the xanthine dehydrogenase/oxidoreductase system. Uric acid is secreted avidly from adipocytes, potentially as a mechanism to rid the cell of excess nitrogen derived from branched chain amino acid metabolism (16) . Adipocytes utilize branched chain amino acids as anapleurotic substrates for mitochondrial citrate synthesis and eventual de novo lipogenesis. Whereas the carbon atoms of branched chain amino acids are utilized for triglyceride formation, the nitrogen atoms are utilized by the purine pathway to make inosine and ultimately via xanthine oxidoreductase, uric acid. The conversion of xanthine to uric acid generates H 2 O 2 and superoxide anion and as such potentially links de novo lipogenesis to ROS synthesis.
An underappreciated source of ROS in adipocytes is endoplasmic reticular oxidoreductin 1 (ERO1). ERO1 is a protein disulfide oxidase of the ER that produces H 2 O 2 as a consequence of protein folding and secretion (17) . Whereas proteindisulfide isomerase directly oxidizes new client proteins and is subsequently reduced, ERO1 reoxidizes and reactivates one of the two thioredoxin-like domains of protein-disulfide isomerase for a new cycle of oxidative protein folding by transferring electrons to oxygen and subsequently producing H 2 O 2 . As such, ERO1 is an important source of ER oxidative stress and may be a major source of intracellular ROS exceeding classical ROS resources such as the mitochondrion or xanthine dehydrogenase system. Given the large number of proteins secreted by fat cells, and their relative abundance, a major role for ERO1 in reactive oxygen species synthesis seems likely.
Inflammatory cells and adipose ROS
In adipose tissue, the stromal vascular fraction containing fibroblasts, preadipocytes, immune cells, and endothelial cells is the major source of reactive oxygen species. Because both adaptive cells (like T and B cells) and innate immune cells (macrophages, dendritic cells, mast cells, and eosinophils) are rich in the stroma, adipose tissue is now recognized not only as an energy storage pool for the body but also as a component of the innate immune system (18) . In general, adipose tissue M1 macrophages produce pro-inflammatory cytokines and defend against infection, whereas M2 macrophages are primarily involved in anti-inflammatory processes, tumor promotion, and tissue remodeling (19) . With the development and expansion of adipose tissue during obesity, M1 macrophages produce pro-inflammatory cytokines (e.g. TNF␣, IL-6, and IL-1␤) that attenuate adipocyte insulin signaling and lead to increased reactive oxygen species and mitochondrial dysfunction. Moreover, inflammatory cytokines down-regulate the expression of mitochondrial antioxidants, particularly GSH S-transferase A4, peroxiredoxin 3, and GSH peroxidase 4 (5, 20) in a depot-specific manner. Furthermore, some inflammatory cytokines (e.g. IL-1␤) activate Nox4 expression and further increase cytosolic ROS in adipocytes.
Studies by Han and co-workers (21, 22) have revealed that Nox2-derived ROS from macrophages can influence inflammation and oxidative stress in adipocytes. Nox2 is the major NADPH oxidase expressed by adipose tissue macrophages and generates superoxide anion in response to agonists such as lipopolysaccharide or saturated fatty acids (23) . Myeloid-specific deletion of Nox2 attenuates the metabolic consequences of a high-fat diet, and knockout mice exhibit a delay in inflammation and insulin resistance (24) , suggesting that ROS derived from macrophages may be major contributors to total adipose reactive oxygen species signaling. Because certain ROS forms such as H 2 O 2 are long-lived and are capable of transcellular JBC REVIEWS: Oxidative stress and adipose biology diffusion, macrophage-derived ROS could be a major regulator of adipocyte function.
Paradoxically, M2 macrophages have also been implicated in adipose oxidative stress but from a metabolic flux perspective. The preferential utilization of fatty acids as an energy source by M2 macrophages (relative to M1 macrophages) leads to increased mitochondrial electron transport chain activity and subsequent ROS production (25) .
Intracellular ROS metabolism in adipocytes
Superoxide dismutase converts the highly-reactive superoxide anion into hydrogen peroxide and is expressed at high levels in the mitochondrion to regulate O 2 Ϫ levels. Interestingly, adipose-specific knockout of SOD2 results in decreased weight gain in mice fed an obesogenic diet, an effect that was attributed to elevated mitochondrial biogenesis and the beiging of white adipocytes (26) . These data are counterintuitive given the dogma that has largely dominated the field that considers elevated ROS as harmful. Indeed, low amounts of reactive oxygen species potentiate adipocyte differentiation, and efforts to attenuate all ROS species may be deleterious to the development of fat cells (27) . However, this does demonstrate the critical emerging concept that different species and pools of ROS are functionally distinct in the cell, pointing to potentially important differences between superoxide and hydrogen peroxide in adipose biology.
In contrast to superoxide anion, H 2 O 2 is more stable and is diffusible across membranes. This property makes it an efficient messenger to communicate changes in redox status, as it can act as a signaling molecule and/or initiate damage through the oxidation of reactive thiols. Cysteine oxidation is highly dynamic in vivo and is controlled by both the availability of ROS and the reduction of protein sulfenic acid. Accordingly, the enzymes responsible for H 2 O 2 detoxification to O 2 and H 2 O are ubiquitously expressed and localized to many distinct cellular sites. The catalase and peroxiredoxin families are among the many enzymes that catalyze this reaction (28) . In addition, GSH peroxidase catalyzes the reduction of H 2 O 2 , in addition to lipid hydroperoxides, into water through the oxidation of GSH (29) .
Protein and lipid oxidation in adipose biology
An additional fate of H 2 O 2 is the generation of the hydroxyl radical ( ⅐ OH Ϫ ) under conditions that favor Fenton chemistry. In this case, H 2 O 2 reacts with ferrous iron in a chemically driven reaction resulting in the formation of the highly reactive hydroxyl radical. The hydroxyl radical is unique because, unlike H 2 O 2 , there are no known enzymes responsible for detoxification, and as such, ⅐ OH Ϫ is only consumed through the removal of an electron from neighboring molecules, including lipids, proteins, and nucleic acids.
In adipose tissue, unsaturated fatty acids are a significant target of oxidation by ⅐ OH Ϫ . Polyunsaturated fatty acids (PUFAs) in particular are reactive due to the instability caused by the double bonds. Because PUFAs are abundant in membrane structures, one major consequence of lipid peroxidation is membrane damage-a mechanism shown to play a causal role in mitochondrial dysfunction (30) . In addition, peroxidation of PUFAs ultimately results in the release of diffusible reactive lipid aldehydes. Among the wide variety of reactive lipids formed through this mechanism, 4-hydroxynonenal (4-HNE) derived from oxidation of n-6 fatty acids and 4-hydroxyhexenal (4-HHE) from n-3 fatty acid oxidation are the most widely studied in the context of adipose biology. Such reactive lipid aldehydes are detoxified by aldehyde dehydrogenase 2-dependent oxidation, aldoketoreductase reduction, and glutathionylation by GSH S-transferase a3 and a4. In the latter case, glutathionylated lipids are secreted by fat cells and signal to macrophages to potentiate inflammation (31) . Cytokine-dependent down-regulation of GSH S-transferase a4 and aldehyde dehydrogenase 2 mRNA expression in visceral adipose tissue potentiates lipid aldehyde accumulation by adipocytes (5) . Increased oxidizing pressure leads to reduced GSH pools that in turn affect ER stress and the secretion of adipokines.
Lipid aldehydes are highly electrophilic and are prone to nucleophilic attack by the side chains of lysine, histidine, and cysteine residues of proteins, resulting in a covalent lipidprotein adduct in a process termed protein carbonylation (32) . Such alkylation is not believed to be reversible, and there are currently no known enzymes that can remove the lipid adducts. Furthermore, Lys, His, and Cys are often found within active sites of enzymes or within critical structural motifs, so their stable modification by 9-or 6-carbon lipids generally leads to inhibition or deactivation of protein function.
Protein carbonylation is elevated in many tissues as a consequence of acute or prolonged oxidative stress. In the context of obesity, 4-HNE and 4-HHE levels are significantly increased in visceral but not subcutaneous adipose depots in mice and increase with body mass index in adipose tissue of humans (33) . In addition, elevated protein carbonylation has been shown in cultured cells and in vivo as a result of a variety of metabolic challenges, including obesogenic diet, antioxidant depletion, inflammation, ER stress, and aging (32, 34, 35) . Together, these observations lead to the hypothesis that protein carbonylation is a causal link between oxidative stress and metabolic dysfunction.
Proteomic analysis of 4-HNE and 4-HHE protein adducts has revealed a variety of cytoplasmic, mitochondrial, and nuclear targets (6, 36, 37) . Cytoplasmic protein carbonylation has been implicated in the control of insulin signaling as well as glucose and lipid metabolism. Indeed, many reports have demonstrated that glycolytic enzymes are highly carbonylated in vivo where the modification largely leads to enzyme inactivation (37, 38) . In cultured fat cells, silencing of mitochondrial GSH S-transferase leads to increased carbonylation of enzymes and proteins linked to tricarboxylic acid cycle metabolism, electron transport chain function, and branched chain amino acid metabolism. The outcomes of such modification led to diminished membrane potential and respiration (37) and potentiated ROS synthesis implying a potential feed-forward loop where ROS leads to carbonylation of mitochondrial proteins that in turn lead to elevated ROS (Fig. 2) .
Strikingly, recent work indicates that carbonylated proteins accumulate preferentially in the nucleus of epididymal adipose depot from mice fed an obesogenic diet (6) . This observation is important for two reasons, First, zinc finger proteins and histones were among the most highly enriched for protein car-JBC REVIEWS: Oxidative stress and adipose biology bonylation (6). These proteins, including transcription factors, chromatin-modifying enzymes, and critical regulatory residues on histones, are nodes for transcriptional regulation (Fig. 2) . Their modification by reactive lipids represent a new redox-dependent signaling paradigm by which oxidative stress may signal in a retrograde manner from the mitochondrion to the nucleus to affect transcriptional outcomes. Second, although the mitochondrion is the most significant source of ROS, and it has largely been assumed that 4-HNE and 4-HHE were also produced from mitochondrial membranes, discovery of lipidprotein adducts in the nucleus of adipocytes suggests either a different source of ROS contributes to lipid peroxidation or a mechanism exists to sequester and shuttle reactive aldehydes to specific subcellular localizations.
The link between oxidative stress and metabolic disorders has been investigated in both a whole-body and tissue-specific context tissue using murine models. Knockout mouse models of antioxidant enzymes have provided important insights into the causal nature of oxidative stress, but also to the tissue-specific roles of antioxidant enzymes (44) . Conversely, overexpression models show promising evidence that tissue-specific amelioration of oxidative stress can prevent the development of metabolic disease phenotypes, although the importance of tissue-specific targeting of such strategies is clear and remains an important and active area in translational research (44) .
Importantly, there are a number of examples of polymorphisms among the critical antioxidants described here that are linked to metabolic disease in humans. One well-characterized polymorphism in aldehyde dehydrogenase 2 (ALDH2) has been shown to be associated with type 2 diabetes in several studies (39) . In this case, the rs671 SNP (G-to-A) results in a Glu-to-Lys substitution at residue 504, ultimately causing decreased enzyme activity of ALDH2 (40) . Other examples include polymorphisms in members of the catalase (41, 42) and GSH S-transferase families (43) . Furthermore, studies in humans show a positive correlation between lipid peroxidation and body mass index (11) and adipose protein carbonylation (33) . Together, these data demonstrate the necessity for further study in humans to address the role of oxidative stress and resultant lipid peroxidation in the etiology of metabolic disease.
To parallel molecular analysis of genes linked to oxidative stress, several groups have approached redox control and protein carbonylation using small molecule antioxidants (45) . In general, although clinical trials focused on small molecule antioxidant therapy have been disappointing, newer findings suggest that some molecules may be effective. Indeed, Anderson et al. (45) have shown that the dipeptide L-carnosine (␤-alanyl histidine) can attenuate the metabolic effects of high-fat feeding (including reduced 4-HNE) when given to experimental mice. Consistent with this, L-carnosine has been used for years as a clinically useful component of lubricant eye drops given to patients with oxidation-linked ocular disease (46) .
Summary
Depot and age-regulated accumulation of ROS underlies adipocyte biology and plays a fundamental role in signaling, fat cell metabolism, and dysfunction potentially affecting clinical outcomes such as type 2 diabetes and obesity. Potentiated accumulation of ROS in the visceral adipose depot of obese insulinresistant mice compared with insulin-sensitive mice and humans implies that inflammation plays a major determining role in oxidative stress. Whether this observation implies that inflammatory cells themselves are the source of ROS or that cytokine-dependent down-regulation of adipocyte anti-oxidants underlies metabolic deficiency is unknown. Furthermore, it remains unclear what the intracellular sources of ROS are that contribute to oxidative stress phenotypes and organellespecific ROS pools. Moreover, in many cases increased oxidative stress produces a "feed-forward" increase in additional ROS synthesis suggesting oxidative stress cascades with temporal and spatial regulation. Finally, the mechanistic studies focusing on the molecules targeted by ROS and how oxidation affects their function are critical goals for understanding the effects of oxidative stress and their linkage to metabolic disease. The availability of new technology in terms of animal models, analytical methodologies, and genome engineering tools now make approaches toward a broader understanding of the role(s) of oxidative stress in health and disease attainable. JBC REVIEWS: Oxidative stress and adipose biology
